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Abstract. Dolomitisation is a key diagenetic process, commonly improving reservoir quality 
in carbonate rocks. It is important in the Jurassic and Cretaceous carbonate reservoirs of 
north and north-western Iraq, creating primary and secondary pays in many oilfields (Kirkuk, 
Ain Zalah and Butmah). This paper addresses the impact of dolomitisation and cementation 
on the reservoir quality of three dolomitised carbonate formations (Butmah, Mauddud and 
Wajnah). Three different dolomitisation types were recognised: reflux dolomitisation, mixing 
zone, and burial dolomitisation. Extensive petrophysical measurements were carried out and 
have shown that differences in dolomite crystal size and cementation control the complexity 
of porosity, pore and pore throat size distributions, pore network connectivity, and 
permeability. Reflux dolomitisation exhibits  widely spread porosities and permeabilities 
compared to the other two characterised dolomitisation models, indicating better reservoir 
properties wherever anhydrite cement is either absent or subsequently dissolved (as in the 
Butmah Formation). Mixing zone dolomitisation was encountered in the Mauddud and 
Wajnah formations, providing moderate to good reservoir properties, whereas burial 
dolomitisation generally provides poor to moderate reservoir properties in all three studied 
formations. It was noted that dolomite cementation provides poor reservoir properties in both 
the Butmah and Mauddud formations. Both the Mauddud and Wajnah formations show 
poroperm relationships with the degree of scatter dependent on both differences in crystal 
size and pore connectivity, indicating the degree of formation heterogeneity. Combined, both 
quantitative and qualitative observations indicate that dolomitisation cannot be considered in 
isolation, but is co-active and co-dependent upon dissolution, cementation and fracturing. All 
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of these processes can both cause and amplify dolomitisation, but can themselves be caused 
or amplified by dolomitisation. We have combined all of our observations to propose a new 
model which relates different reservoir quality outcomes to the occurrence, intensity and 
history of different diagenetic processes as a first step in the petrophysical quantification of 
the effect of diagenetic processes on reservoir quality. 
 
Keywords. Dolomitisation; cementation; reservoir quality; heterogeneity; carbonate 
formations; diagenesis 
 
1.  Introduction 
Dolomitisation is a geochemical process which affects the porosity and the morphology of 
the pore microstructure of carbonate rocks. It is considered to be one of a number of 
diagenetic processes which act upon the carbonate rock’s primary matrix to ultimately define 
the carbonate formation’s reservoir quality. Whereas much research has been carried out on 
diagenetic processes (Moore, 2001; Ahr, 2008; Tavakoli et al., 2011), we only have a 
qualitative understanding of how each of these processes affects reservoir quality. The 
quantification of each diagenetic process and its interactions with other processes in order 
that the effect of diagenesis on reservoir quality can be predicted is a goal which this paper 
partially addresses.  
This paper contributes to that goal by studying the effect of dolomitisation and cementation 
on carbonate formations in northern Iraq. Numerous giant gas and condensate fields have 
been discovered in northern Iraq since the 1970s (Alsharhan and Nairn, 1997). Most of these 
fields produce from fractured and/or dolomitised formations.  
Dolomitisation is defined as a diagenetic process where calcite (CaCO3) is entirely or partly 
replaced by dolomite (CaMg(CO3)2) (Tucker, 1991). The replacement reduces the rock 
volume by about 12.3%, increasing the total porosity of the rock (North, 1985). Dolomitisation 
is characterised either as ‘partial dolomitisation’, when the dolomite replaces particular rock 
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components (grains or groundmass), or ‘total dolomitisation’, when the dolomite replaces all 
rock components (grains and groundmass) (Adams and Mackenzie, 1998). 
Partial dolomitisation usually produces a mimetic texture due to the dolomitisation of the 
susceptible groundmass (aragonite or high Mg-calcite), leaving the stable mineralised grains 
which record the rock’s primary fabric. Total dolomitisation produces non-mimetic textures 
from which the original fabric of the rock cannot be identified (Scholle and Ulmer-Scholle, 
2003).  
Dolomitisation can also be divided into early and late dolomitisation. Early dolomitisation is 
commonly constrained by occurrences of associated minerals (i.e., anhydrite, calcite) in the 
tidal flat environments, whereas late diagenetic dolomitisation increases the dolomite 
percent, thus increasing the porosity of the rocks when compaction and cementation 
processes are absent (Moore, 2001). Hydrothermal dolomitisation is a type of late 
dolomitisation that may occur in deeply buried rocks at high temperature and pressure, where 
highly saline brines create saddle dolomite textures in fractures and vuggy pores (Flugel, 
2010). Hydrothermal dolomitisation, in general, increases the heterogeneity of carbonate 
rocks by forming cement or as a replacement that may occur from hydrothermal fluid 
advection, local redistribution of older dolomite during stylolitisation, and as a production of 
thermochemical sulphate reduction in semi-closed or closed systems (Machel, 2004). 
Dolomitisation may reduce or increase the heterogeneity of carbonate rocks, consequently 
inducing heterogeneity in the rock’s petrophysical properties (Ehrenberg and Nadeau, 2005; 
Ehrenberg, 2006; Lucia, 2007; Harris, 2010; Palermo et al., 2010;  Ronchi et al., 2010; Rashid 
et al., 2015a; Rashid et al., 2015b). The improvement of reservoir properties by dolomitisation 
may be reduced by subsequent cementation and compaction or further improved by 
fracturing. Cementation also plays an important role in controlling the reservoir quality of 
dolomite units (Esrafili-Dizaji and Rahimpour-Bonab, 2009), where cementation as an early 
or late diagenesis may partly or totally occlude the pore network of the rock, reducing the 
pore connectivity and consequently reducing permeability and increasing electrical resistivity. 
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Three cement types were characterised in this study: anhydrite cement associated with reflux 
dolomitisation in the Butmah Formation, calcite cement filling some fractures, and dolomite 
cement (overdolomitisation or overgrowth dolomite cementation). 
Generally, all rocks reduce in porosity and permeability as a function of depth aerial due to 
compaction. For depths of less than 2 km limestone and dolomitic limestone are more porous 
than dolostone. However, at greater depths dolostone becomes significantly more porous and 
permeable than limestone (Schmoker and Halley, 1982; Machel, 2004). 
Fracturing influences the petrophysical properties of carbonate reservoirs when it either 
affects the primary matrix or a matrix which has already undergone diagenesis, giving access 
to fluids through an improved fracture network. The improved fluid flow may enhance access 
of fluids and improve reservoir quality, which then promotes further diagenesis, such as 
dolomitisation (Agosta et al., 2010; Larsen et al., 2010; Rashid, 2015a). Fractures are present 
to varying degrees in carbonate rocks and, if open, improve their fluid flow and reservoir 
quality and host economic mineral deposits or hydrocarbons. Fractures affect rocks to 
different degrees depending on their type, intensity and distribution within the rocks (Childs 
et al., 1997; Geraud et al., 2006; Hollis et al., 2017). 
This paper reports the characterisation of the effect of dolomitisation type, intensity and 
history, as well as crystal size and cementation on the evolution of reservoir quality. These 
qualitative and quantitative observations have enabled us to develop a new model to describe 
the interactions between different types of diagenesis that are related to dolomitisation. This 
is the first step in our goal to develop a quantitative petrophysical approach to characterising 
the effect of all types of diagenesis on reservoir quality. The outcome of this study may be 
used in future to link with the depositional factors as the consideration of these factors requires 
access to samples from different dolomite formations relating to different depositional 
environments.  
Such a study requires a large database of information culled from different methodologies. In 
this paper we use previously published work from other researchers (e.g., Rashid et al 2015a; 
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2015b; 2017; Hussein et al., 2017) to supplement almost 500 SEM slides studies of core 
material from three formations in three reservoirs, a wide range of petrophysical 
measurements, including porosity, permeability, nuclear magnetic resonance and capillary 
pressure measurements, on 43 core samples from the same formations and wells, as well as 
a wireline log analysis from the same wells. Nevertheless, we recognise that although 
sufficient to build a model for the effect of dolomitisation and its interactions with diagenetic 
processes, much more data is required to fully calibrate and validate the model. 
 
2.  Methods and materials 
2.1   Lithofacies and stratigraphic units 
The lithology was identified for the studied formation based on calibrating the identified 
lithological units from the core and cutting samples with the geophysical log responses.  
Wireline log data were obtained from the North Oil Company (NOC) in Iraq. Digital copies of 
gamma ray, density, neutron, and sonic logs were collected from four wells (Bm-15, Az-16, 
Az-19 and Az-29) from the Butmah and Ain Zalah oilfields. The wireline well logs copies were 
digitised by Didger software (Version 3.5), then redrawn and analysed using Interactive 
Petrophysics software (Version 4.3) from Senergy Inc.  To record or calculate precise values 
from the geophysical well logs, removing and/or editing unwanted signals was required. The 
three most common wireline log problems were corrected by depth shifting, applying 
environmental corrections and carrying out de-spiking and the removal of noise.  The wireline 
log data have been combined with core descriptions from 3 wells (Bm-5, Az-16 and Az-19) in 
order to define lithofacies and describe the stratigraphic units of the studied formations. 
Petrophysical analysis was carried out on core plug samples which are representative 
samples taken from the core intervals within the studied wells (Bm-15, Az-16, and Az-19). 
However, care was needed as there is a natural bias where core plugs from whole core are 
taken from well-indurated rock and fragile or fractured intervals are avoided. An effort was 
made to verify the core examination which included description of lithology, sedimentary 
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structures, macro porosity, fractures and oil show of the core intervals within the selected 
wells. 
2.2   Porosity and permeability  
The 64 core plug samples, 1.5 inches in diameter and 2.0 inches in length, were provided by 
the North Oil Company from the core intervals of the three formations within the studied wells. 
The core plug samples were cleaned using Soxhlet extraction (McPhee et al., 2015). The 
cleaned samples were dried in a temperature controlled oven at 60°C for 48 h. The porosity 
of the dried samples was obtained by helium pycnometry at a pressure ≤15 psig (Spain, 1992; 
McPhee et al., 2015) using the apparatus and protocols in the Wolfson laboratory at the 
University of Leeds. Porosity is calculated from the difference between the bulk and grain 
densities. The measurement was repeated three times for each core plug sample, with 
arithmetic mean values given in this paper.  
Permeability was measured using a pulse-decay permeameter (k ≤ 1 mD) (Jones, 1997; 
Jannot et al., 2007; Zhang et al., 2000; McPhee et al., 2015) using helium as a probe gas with 
confining pressure of 4500 psig. Using this technique the helium molecules flow is sufficient 
to enable that flow to be described by conventional fluid mechanical equations. When the gas 
pressure is low, there are few helium molecules per unit volume. Permeability measurements 
made at low gas pressures in small pores lead to an overestimation of the measured (or 
apparent) permeability. This is called the Klinkenberg effect (Tiab and Donaldson, 2012). The 
Klinkenberg correction was applied on the samples tested at effective stresses of 900 psig 
and at pore fluid pressure (750, 600, 450, and 300) psig respectively for all experimental 
measurements to correct for so-called gas ‘slippage’ when the requirement for continuity in 
the gas breaks down (Klinkenberg, 1941; Rushing et al., 2004; Haines et al., 2016).  
2.3   Image analysis 
A total of 456 thin-section slides were studied to describe the dolomite texture, crystal size 
and pore size, type and distribution. The samples were selected to cover the three studied 
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formations, especially the dolomitised units from wells Bm-15, Az-16, Az-19 and Az-29.  All 
thin-section slides from cores and chippings were stained by a blue dye to highlight the pores 
in the thin section slide and using Dickson’s (1965) staining technique (mixture staining 
technique using hydrochloric acid HCl, alizarin red ARS and potassium ferricyanide PF) to 
differentiate between such carbonate minerals as calcite, ferroan calcite, and dolomite.  
Furthermore, scanning electron microscopy (SEM) has been used to provide images at the 
nanometric scale. High resolution quantitative measurements were made over selected areas 
of the sample by focusing the electron source on the sample surface and collecting 
secondary, backscatter and transmitted electron signals (Erdman and Bell, 2015). In this 
study, SEM was used on a total of 15 samples selected according to their dolomite texture 
and porosity and permeability relationship throughout the studied formations, each an 
approximate cuboid with a nominal side length of 7 mm, with broken and polished surfaces 
using magnifications of 1:500 to 1:10,000. The samples were cleaned using 1% acetic acid 
solvents to remove the volatile hydrocarbons and dust that might have affected the image 
quality. The samples were glued onto aluminium stubs and then coated with a conducting 
carbon film to be ready for digital recording of the SEM images. The captured images were 
analysed using ImageJ software to characterise pore and crystal sizes of the studied samples.  
2.4   Carbon and oxygen isotope  
Six samples in powder form were prepared by crushing 50 mg of sample material to a grain 
size of 200 mesh in an agate mortar for carbon and oxygen isotope analysis. These samples 
were dissolved in the pure phosphoric acid at a constant temperature of 25 °C for 72 h to 
measure the CO2 emissions from the phosphate decomposition at 24 h later to 72 h. A thermo-
finning MAT253 isotope-ratio mass spectrometer was used for the measurements. The 
oxygen-carbon isotopic composition of the samples was measured as δ and expressed in 
terms of the amount of ppt. The samples were calibrated against NBS-19 and LSVEC and 




2.5   Mercury injection capillary pressure (MICP) 
Mercury injection capillary pressure (MICP) tests using pressure up to 60,000 psig were 
carried out on 10 cleaned, evacuated samples that were chosen on the basis of their dolomite 
type, porosity, and permeability. The samples were cut to dimensions of 15 mm to 10 mm 
and the intrusion data were obtained using a Micro-meritics Autopore IV 9250 apparatus 
(Giesche, 2006). The raw MICP data were used to derive pore-throat size distributions 
(Jennings, 1987; Kopaska-Merkel and Amthor, 1988; Katz and Thompson, 1987; Glover et 
al., 2006) using the Young-Laplace equation (Washburn, 1921). The Glover and Dery (2010) 
method was used to obtain pore size distributions, and the Glover and Walker (2009) method 
was used to derive the crystal size distributions. 
2.6   Electrical resistivity and cementation exponent  
The core plug samples were saturated with a synthetic formation brine that was prepared 
based on the composition of the formation brine in the final well report of the studied wells. 
The formation brine was composed of 0.602 (gm/L) Ca(HCO3)2, 37.50 (gm/L) CaCl2, 7.29 
(gm/L) MgCl2, and 94.982 (gm/L) NaCl. Full saturation was obtained by placing the core plugs 
in a vacuum desiccator, followed by saturation with the synthetic formation water for 24 hours. 
Subsequently, the samples were loaded into a high-pressure saturation core holder filled with 
the synthetic formation brine. The core holder was then left for 48 hours under a pressure of 
100 psig. The brine and rock resistivity was then measured in order to calculate the formation 
factor for the selected samples. The resistivity of the formation brine was measured at 
laboratory temperature that was then converted to reservoir temperature using Arp’s formula 
(Asquith and Krygowski, 2004). The formation factor was calculated straightforwardly from 
the electrical resistivity, and by using a simple equation to link the cementation exponent, 





3.  Geological setting and stratigraphy 
This work considers three carbonate formations selected from the Ain Zalah and Butmah 
oilfields. The three formations are the Butmah Formation (Liassic/Lower Jurassic), the 
Mauddud Formation (Albian/Early Cretaceous), and the Wajnah Formation (Late 
Santonian/Late Cretaceous) (Jassim et al., 2006). Figure 1 shows the location of the Ain 
Zalah and Butmah oilfields with respect to the tectonic division of Iraq after Fouad, 2015. 
The Ain Zalah oilfield is a structural trap, located in the Ain Zalah anticline about 60 Km north-
west of Mosul city in northern Iraq. The Ain Zalah anticline, situated in the Zagros foothills 
zone (low folded zone) (Fouad, 2015), is about 20 km long by 5 km wide and has an elevation 
of 457m above sea level. Meanwhile, the Butmah anticline is located about 10 km south-east 
of and parallel to the Ain Zalah anticline in northern Iraq. It is an asymmetrical anticline 
consisting of two domes, eastern and western, and is about 12 km long and 6 km wide 
(Dunnington, 1958). 
The Butmah Formation was deposited during the Liassic sequence (Lower Jurassic) of the 
late Permian-Liassic megasequence (AP6), according to Jassim et al. (2006), as shown in 
Figure 2. Tectonically, the study area suffered from extension at the northern and eastern 
margins of the Arabian plate in the Mid-Late Triassic which caused rifting followed by slow 
thermal subsidence in Norian-Liassic times. As a result, the Mesopotamian Basin post-rift infill 
was composed of uniform marginal marine clastics, evaporites and shallow lagoonal 
carbonates (Jasim and Goff, 2006; Aqrawi et al., 2010). 
 
Figure 1. The location of the Butmah and Ain Zalah oilfields in north-western Iraq with the 
tectonic division of Iraq, after Fouad, 2015. 
 
In this work, we used the term ‘lithofacies’ to identify the lithology of the studied formations, 
whereas ‘stratigraphic unit (unit)’ was used to characterise the vertical distribution of the 
lithofacies in succession. Consequently, the same lithofacies may be repeated two or three 
times with different stratigraphic unit numbers in succession.  
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The Butmah Formation in Well Bm-15 of the Butmah oilfield consists of five stratigraphic units 
which show three main lithofacies: (i) Lithofacies 1 is repeated three times in the Butmah 
Formation at Bm-15 as the stratigraphic units 1, 3, and 5. The lithofacies consist of 
microcrystalline limestone with or without anhydrite nodules. Fracturing effect was identified 
in the upper part of the stratigraphic units 1 and 3; (ii) Lithofacies 2 extends over a depth  
between 2544 and 2608 m (stratigraphic unit 2) as 17.8% of the total thickness of the Butmah 
Formation at well Bm-15 and is composed of dolomite interbedded with shale and some 
anhydrite nodules with fracturing effect on the middle and upper part of this unit; and (iii)  
Lithofacies 3 is the biggest lithofacies (stratigraphic unit 4), representing 53.4% of the gross 
thickness of the Butmah Formation at well Bm-15, and consists of dolomite that has anhydrite 
nodules and is interbedded in some intervals with anhydrite layers (Figure 3). The lower and 
upper contact of the Butmah Formation is concordant with marly limestone of the Baluti 
Formation and anhydrite beds of the Adaiyah formation respectively.   
There is no outcrop of the Butmah Formation in Iraq, but it is penetrated by wells with a 
thickness of 162-500 m in north-western Iraq (Jasim et al., 2006). The thickness of the 
formation in the wells within the study area is constrained by Butmah-15 (402 m), and Ain 
Zalah-29 (473 m). The Butmah Formation graduates and interfingers horizontally to the Sarki 
Formation in north and north-eastern Iraq. 
The Cretaceous succession is the most important sequence in Iraq due to the fact that the 
majority of the reservoir rocks belong to this succession. This stratigraphic sequence is 
represented by the Shiranish, Mushorah, Wajnah, Gir Bir, Mauddud, and Sarmord/Batiwah 
Formations at the Ain Zalah oilfield (Hart and Hay, 1974). According to Sharland et al. (2001), 
the Cretaceous succession includes two megasequences, AP8 and AP9, with a thickness of 
about 3000 m. The Late Tithonian-Early Turonian Megasequence (AP8) was deposited 
synchronously with new ocean floor spreading in the southern NeoTethys Ocean. This new 
phase of ocean floor spreading created a new passive margin along the north-eastern margin 
of the Arabian plate. The Late Turonian-Danian Megasequence (AP9) including the Mauddud 
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and Wajnah formations was deposited after the beginning of ophiolite obduction in the 
southern part of Neo-Tethys (Jasim and Buday, 2006). 
The Mauddud Formation is equivalent to the Upper Qamchuqa and represents one of the 
most widespread Lower Cretaceous units in Iraq. The outcrop thickness of this formation is 
variable due to lateral facies changes and erosional truncation. In the subsurface, sections 
vary from 50-250 m in thickness (Jassim and Buday, 2006). The Mauddud Formation 
thickness in northern Iraq is reduced toward Mosul city, with a sharp increase in thickness in 
the Sinjar Trough, where it is 350 m thick in Well Kor Mor-3, 250 m in Well Chamchamal-1, 
237 m in Well Kirkuk-107, 170 m in the Khabbaz Field, 125 m in Well Butmah-1, and finally 
198 m in Well Tel-Hajar-1 (Al-Qayim et al., 2010; Sahar, 1987). The Mauddud Formation 
passes laterally into the Balambo Formation in north-eastern Iraq and to the Upper Sarmord 
or Jawan formations on the Mosul High (Jassim and Buday, 2006). 
 
Figure 2. Stratigraphic correlation section of the studied formations in north-western Iraq and 
north-eastern Syria (modified after Al-Naquib, 1967; Kaddouri, 1982). 
 
The Mauddud Formation in Well Az-16 of the Ain Zalah oilfield consists of a single 
stratigraphic unit (lithofacies 1) of 92 m of dark gray dolostone with fracturing and oil shown 
throughout the section; the upper contact of the formation is disconformable with abrupt 
changes in facies to recrystallised and fossiliferous limestone of the Gir Bir Formation, 
whereas the lower contact is conformable with marly dolostone of the Sarmord Formation 
(Figure 3).  
The Wajnah Formation (Upper Santonian-Lower Campanian) was described first by Chatton 
in 1962 from Well Ain Zalah-19  as  15 m  of lagoonal carbonate facies consisting of dolomite 
and fine grained limestone with abundant ostracods, a Glomospira fauna, and orbitoid 
foraminifera such as Monolepidorbis (Praeorbitoides), and is associated with anhydrite 
nodules in some places. These pass to marly limestone with depth and become 
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conglomeratic marly limestone at the contact with the underlying Gir Bir Formation (Chatton, 
1997; Aqrawi et al., 2010). 
The Wajnah Formation at the Ain Zalah oilfield consists of three lithofacies. (i) Lithofacies 1 
consists of conglomeratic limestone which is composed of rounded to subrounded granules 
(>2 mm) within brownish to gray limestone. This lithofacies represents the lower stratigraphic 
unit at the Ain Zalah field that overlies the Gir Bir Formation. (ii) Lithofacies 2 consists of 
grayish brown, hard microcrystalline limestone occasionally associated with stylolite and 
fractures. This lithofacies represents the stratigraphic units 2 and 4 as (67.8%) of the total 
Wajnah Formation thickness at well Az-16. (iii) Lithofacies 3 is characterised by dark gray 
dolomite and dolomitic limestone of 12 m thickness as stratigraphic Unit 3 in Az-16 with oil 
shows and fracturing effect in the upper part of the unit (Figure 3). 
The oligosteginal limestone of the Mushorah Formation overlies the Wajnah Formation with 
conformable contact, where the facies gradually changes from lagoonal facies below to the 
oligosteginal limestone above. By contrast, the Wajnah Formation’s lower contact is 
erosional, disconformable, and taken at the contact between the basal conglomerate and the 
underlying brecciated and recrystallised limestone of the Gir Bir Formation (Aqrawi et al., 
2010). 
Figure 3. Stratigraphic units of the Butmah Formation in well Bm-15 (left), the Mauddud (top 
right) and Wajnah (bottom right) formations in well Az-16. Where U= Stratigraphic unit, L= 
Lithofacies. 
 
4.  Observed dolomitisation models 
Each of the studied formations is characterised by different types of dolomite crystal, textures 
and degrees of cementation effect which conspire to reflect the provenance of their 
dolomitisation. Three dolomitisation models have been identified as operating in these 




The three studied formations were deposited in tidal flat and lagoon environments (inner 
platform) that are considered chemically conducive to dolomitisation, where their salinity is 
above thermodynamic and kinetic saturation with respect to dolomite. Dolomitisation in these 
environments depends on a sufficient supply of magnesium, and thus on hydrologic 
parameters. Most massive dolostones have been interpreted to be formed according to the 
freshwater/seawater mixing model and/or the sabkha with reflux model (Machel and 
Mountjoy, 1986). 
The reflux dolomitisation model was first suggested by Hsu and Siegenthaler (1969) to 
interpret dolomitisation in a dry climate supratidal environment, where dolomitisation is 
caused by lateral reflux of marine water. Where evaporation is high, this environment retains 
Ca2+ and incorporates it with SO42- to create gypsum CaSO4(H2O)2, which is subsequently 
converted to anhydrite CaSO4 after dehydration which occurs upon burial. These processes 
increase the Mg2+/Ca2+ ratio in the interstitial water, leading to dolomitisation and creating 
aphanotopic and fine to medium mosaic dolomite textures. These textures, with 
contemporaneous anhydrite cement, are commonly observed in the Butmah Formation as (i) 
anhydrite nodules associated with aphanotopic or fine crystalline dolomite, (ii) fenestral pores 
occluded by anhydrite cement within dolomite lithofacies (Figure 4A), (iii) sparse anhydrite 
crystals within fine crystalline dolomite (Figure 4B this), and (iv) chicken-wire dolomite 
textures (Figure 4C), and have δ13C values ranging from 2.25‰ to 3.06‰ (PDB) and δ18O 
from -3.21‰ to -2.44‰ (PDB) (Table 1). These features represent powerful evidence for this 








Table 1. Carbon and oxygen isotope data from the Butmah, Mauddud and Wajnah 
formations. 








Butmah U.4 L.3 
B1 2.25 -2.44 130.70 
Seepage reflux 
B2 3.06 -3.21 132.11 
Mauddud U.1 L.1 
M1 3.72 -6.73 131.09 Moderate to 
deep burial M2 2.58 -7.38 128.87 
Wajnah U.3 L.3 
W1 1.38 -2.63 128.97 
Shallow burial 
W2 1.59 -3.06 129.24 
Z = 2.048 × (δ13C + 50) + 0.498 × (δ18O + 50) (PDB), Values of Z < 120, is freshwater carbonate rocks, 
and when Z = 120, an unfinalized carbonate, Whereas, Z > 120 indicate marine carbonates (Keith and 
Weber, 1964). 
 
The mixing zone model is used to explain subtidal platform dolomite that is not associated 
with evaporate minerals. It was used first by Hanshaw et al. (1971) to explain the presence 
of dolomite in Tertiary carbonate aquifers in Florida (Warren, 2000). The principle of the model 
depends on mixing fresh or meteoric water with marine water within lagoon environments 
(Morrow et al., 1986). Fall in sea level creates good conditions for the mixing mechanism of 
meteoric water with marine water within the mixing zone. This model has been noted 
commonly in the Mauddud and Wajnah formations. The very fine to fine crystalline textures 
of the Wajnah Formation are not associated with anhydrite reflux to early dolomite nucleation 
within a hyposaline subtidal environment (Machel, 2004). By contrast, the planar-e to planar-
s dolomite crystals ranging in size from 1 to 100 µm that commonly show cloudy centres 
surrounded by clear, limpid rims in the Mauddud Formation represent one of the descriptive 
features of the mixing zone model (Kyser et al., 2002) (Figure 4D). Furthermore, the dolomite 
crystals that occur as cement fill voids, mould and vugs in mosaic dolomite textures in the 
Wajnah and Mauddud formations may be related to this model (Kaldi and Gidman, 1982; 
Ward and Halley, 1985). The δ13C values were found to range from 1.38‰ to 1.59‰ (PDB) 
and δ18O from 3.06‰ to -2.63‰ (PDB), indicating a shallow burial origin (Table 1). 
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The burial dolomitisation model was first suggested by Illing (1965) as subsurface 
dolomitisation under deep burial due to the alteration of clay minerals (Warren, 2000), and is 
also called the burial-compaction model (Morrow, 1982). In this model increasing burial depth 
extracts the interstitial water from the deposits, with subsequent dolomitisation taking place 
under preferential conditions of temperature, pressure and Mg2+ concentration (Machel, 
2004). 
Late dolomitisation was characterised in this study by (i) Coarse planar-s dolomite crystals as 
a result of slow replacement of precursor limestone in the presence of early burial compaction 
fluid during shallow to intermediate burial; (ii) Coarse planar-s to nonplanar-a dolomite 
crystals formed at high temperature and deep depth reaching to more than 2 km. Saddle or 
baroque dolomite textures associated with stylolites are among the most important features 
of the deep burial dolomitisation model (Amthor and Friedman, 1992; Machel, 2004). In this 
paper, both coarse crystalline dolomite and saddle dolomite were recorded in the Butmah, 
Mauddud and Wajnah formations (Figure 4E and Figure 4F). Partial dolomitisation occurring 
on stylolite surfaces may change to comprehensive dolomitisation when the solution becomes 
saturated in Mg2+, explaining the comprehensive subsurface dolomitisation that sometimes 
occurs in the carbonate platform (Warren, 2000). The δ13C values were found to range from 
2.58‰ to 3.72‰ (PDB) and δ18O from -7.38‰ to -6.73‰ (PDB), which indicated that they 
have a moderate to deep burial origin (Table 1). 
In terms of early and late dolomitisation, the reflux dolomitisation model that was 
characterised in the Butmah Formation and the very fine and fine dolomite crystals of the 
Wajnah Foramtion are examples of early dolomitisation, whereas the other features of the 
mixing zone model and the burial dolomitisation model were described as late dolomitisation. 
Figure 4. Experimental petrogtaphic evidence of diagenetic processes. A: Fenestral pores 
(f) occluded by anhydrite cement as early cementation in the Butmah Fm., Bm-15, (2488 m). 
B: Sparse anhydrite crystals (s) within fine crystalline dolomite in the Butmah Fm., Bm-15 
(2422 m). C: Compressed chicken-wire texture (c) caused by compaction, Butmah Fm, Bm-
15, (2379 m). D: Cloudy dolomite centres (c) surrounded by a clear limpid rim, Mauddud Fm., 
Az-16, (2446 m). E: Zoned coarse dolomite crystals (z) as late dolomitisation features in the 
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Mauddud Fm., Az-16, (2472 m). F: Saddle dolomite (s) as a late dolomitisation feature 
associated with stylolite and oil shows (o), Mauddud Fm., Az-16, (2486 m). 
 
5.  Experimental Results 
A reservoir unit is a rock with enough porosity for storage of hydrocarbon (oil and gas) inside 
its pores and permeability to permit its movement (Sadeq and Wan Yusoff, 2015). Hence, 
the pore space of the rock must be interconnected to move the hydrocarbon through the 
reservoir unit, and the reservoir hydrocarbon should be present in commercial quantities 
(Sadeq and Wan Yusoff, 2015). Consequently, the petrophysical properties of the studied 
formations considered by this study include porosity, pore throat, pore and crystal size 
distributions, qualitative pore network description, and permeability. 
5.1 Porosity  
Porosity is a measure of storage capacity of a reservoir. It is defined as the ratio of the pore 
volume to bulk volume (Tiab and Donaldson, 2012). The porosity of carbonate reservoirs can 
vary from little more than 0% in tightly cemented carbonate rock to about 40% for 
unconsolidated sediments (Gluyas and Swarbrick, 2004).  
The effective porosities that were measured using helium porosimetry in this study are 
presented in Table 1 and Figure 5. The highest porosity in the Butmah Formation was 8.27%, 
and the lowest 0.72%, with an arithmetic mean of 4.20%, and a mode of 3.5%. Figure 5 shows 
that the porosity distribution of the Butmah Formation is approximately unimodal (allowing for 
the effects of unbalanced binning) with a wide spread (standard deviation = 4.52%).  
 
Table 1. Statistical analysis of the effective porosity of the dolomitised units of the Butmah, 
Mauddud and Wajnah formations. 
Formation Units Lithofacies 
Number of 
samples  
Effective porosity (%) 
Min Max Mean Mode Std Dev 
Butmah U.4 L.3 24 0.72 8.27 4.20 3.5 4.52 
Mauddud U.1 L.1 20 2.44 9.21 5.63 5.0 3.92 




The porosity distribution of the Mauddud Formation is unimodal (Figure 5) with a modal value 
in the range 4.0% – 6.0% (40% of the 20 samples measured) and ranging from 2.44% to 
9.21%, as shown in Table 1. Unit 3 in the Wajnah Formation (Figure 5) also shows a unimodal 
porosity distribution ranging from 2.80% to 9.69%, with a modal value in the range 5.0% – 
6.0%, representing 25% of the 20 samples available. The porosity mean and mode of the 
Wajnah Formation are 5.94% and 5.5% respectively, as shown in Table 1.  
Consequently, the effective matrix porosity of all of the studied formations is less than 10%, 
but varying widely, from 0.72% – 8.27% for the Butmah Formation and 2.44% –.9.21% for the 
Mauddud Formation, whereas the Wajnah Formation showed a porosity distribution from 
2.8% to 9.69%.  
Figure 5. Histograms of the effective porosity of the Butmah Formation at Well Bm-15, the 
Mauddud Formation, and the Wajnah Formation at Well Az-19. 
 
5.2 Pore throat, pore size and crystal size distributions 
A combination of the natural wettability of the matrix mineral–fluid interface and the size of 
constrictions within the pore network results in wetting fluids remaining in small pores (Tiab 
and Donaldson, 2012). The capillary force, which keeps the wetting fluid within the small 
pores, must be counteracted if one is to remove the fluids from such pores, and depends on 
the interfacial tension, wetting angle and pore throat size. The first two of these parameters 
depend upon temperature and to a small extent on fluid pressure, whereas the latter is 
sensitive mainly to effective pressure which can act to reduce pore throat sizes and reduce 
pore interconnection (Bjørlykke, 2010; McPhee et al., 2015). Consequently, wettability and 
capillary pressure partially control the relative permeability of a reservoir rock (Ahr, 2008; 
Bjørlykke, 2010; Tiab and Donaldson, 2012). 
In this work, MICP analysis has shown differences in the pore throat and pore size distribution 
within the three studied formations. These differences in the pore network are governed by 
the dolomite recrystallisation, anhydrite occurrences and subsequent diagenesis. Ten 
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samples were selected from the studied formations for MICP analysis (4 samples for the 
Butmah Formation, and 3 samples each for the Mauddud and the Wajnah formations). The 
pore throat distributions from some of these samples are shown in Figure 6. 
Samples from the Butmah Formation (Unit 4) showed a wide range of pore sizes, with pores 
as small as 2 nm and as large as 10 µm. These samples exhibit poor pore sorting, and may 
be unimodal or multimodal. The two examples given in Figure 6 show very different 
behaviours; one having two very clear peaks at about 20 nm and 20 µm, while the other has 
a single broader peak at approximately 0.5 µm. Clearly, dolomitisation has left different parts 
of this formation with significantly different pore textures when assessed by pore throat 
diameter. 
By contrast, samples from the Mauddud formation (Unit 1) exhibit a single, broad peak. The 
two examples in Figure 6 show slightly different styles, one exhibiting a single peak at about 
0.5 µm, with very few pores greater than 5 µm or less than 20 nm, the other having a peak at 
20 nm, but significant pore throat sizes up to about 1 µm.  Once again, the variability in the 
data depends on the local operation of different dolomitisation processes. 
Finally, samples from the Wajnah Formation (Unit 3) show very well defined unimodal 
distributions, again with the variability in the modal values of the pore throat diameters. Data 
from the two examples given in Figure 6 show one with a peak at a diameter of about 0.4 µm 
and one at about 0.07 µm. 
 
Figure 6. Pore throat distributions for six samples subjected to MICP measurements. Top 
row (A) and (B): two samples from the Butmah Formation. Middle row (C) and (D): two from 
the Mauddud Formation. Bottom row (E) and (F): two samples from the Wajnah Formation. 
 
MICP results were used to characterise pore size distributions using the Glover and Dery 
(2010) method, whereas the Glover and Walker (2009) method was used to derive the crystal 
size distributions that show good agreements with the results of using the optical petrographic 
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microscope (OPM) and scanning electron microscope (SEM) imaging for describing the pore 
and crystal size. 
The Luo and Machel (1995) classification was used for classifying the pore size. This 
classification can be used for both limestones and dolostones and has a wide range from very 
large pores that can be characterised by the naked eye (more than 256 mm), such as karst 
caverns, to the very small pores that are measured by scanning electron microscopy (SEM) 
and mercury injection capillary pressure (MICP) (less than 1 μm). 
Figure 7 shows the resulting classified pore size distribution within the three studied 
formations. The Butmah and Mauddud Formation histograms show unimodal pore size 
distribution ranging from <0.2 to 4000 μm with a modal pore size in the range 0.2-1 μm (33% 
and 34% respectively). Whereas the Wajnah Formation histogram shows a pore size 
distribution range between <0.2 and 1000 μm, exhibiting a modal value in the pore size range 
of 0.2-1 μm (44%).  
  
Figure 7. Histograms of pore size distribution within the Butmah, Mauddud, and Wajnah 
formations using pore size bins defined by the Luo and Machel (1995) classification. 
 
The use of crystal size scales allows more extensive differentiation of dolomite fabrics. 
Different crystal size limits were developed by Folk (1962), Friedman (1965), Randazzo and 
Zachos (1984) and Wright (1992).  
In this study, we used the Folk (1962) terms ‘very fine crystalline dolomite’ for crystal size less 
than 4-16 μm, ‘fine crystalline dolomite’ for crystal size from 16–62 μm, ‘medium crystalline 
dolomite’ for crystal size from 62-250 μm, ‘coarse crystalline dolomite’ for crystal size from 
250-1000 μm, and ‘very coarse crystalline dolomite’ for crystal size more than > 1000 μm. 
Figure 8 shows crystal size distribution within the three studied formations. Wide crystal size 
distributions were recorded as a unimodal histogram in the Butmah Formation, ranging from 
less than 16 μm to more than 1000 μm with mode (32%) in the range 62-250 μm. The 
Mauddud Formation shows a unimodal histogram within crystal size distribution range 16-62 
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μm and more than 1000 μm with mode at the crystal size range 250-1000 μm (42%). Whereas 
the Wajnah Formation histogram shows a unimodal shape but with lower crystal size ranges 
represented by crystal size less than 16 μm to 250 μm and mode (54%) at the crystal size 
range 16-62 μm.  
 
Figure 8. Histograms of crystal size distribution within the Butmah, Mauddud, and Wajnah 
formations using crystal size bins defined in this work. 
 
5.3 Pore network description 
The porosity of the studied formations was described and classified based on the Choquette 
and Pray (1970) classification and Lucia’s (1983, 1995) classification for pore type description. 
The Luo and Machel classification was used for identifying the pore size distribution and the 
Ahr (2008) classification was used for characterising the final shape of the pore network and 
pore system of the studied formations. 
Combining previous measurement data with qualitative micrography using both polarising 
microscopes and SEM has allowed us to characterise the pore network of each of the studied 
formations. 
The Butmah Formation (Units 2 and 4) consists of vugs (Vg), intercrystalline (Inc), and 
microfractures (Mf) (Figure 9). These pores depend on dolomite crystallisation and 
occurrence of anhydrite cement between the dolomite crystals. This lithofacies has a good 
porosity when the anhydrite cement is diagenetically dissolved, exhibiting a variety of pore 
sizes from large mesopores (62.5 𝜇m – 1mm) to small micropores (<2 𝜇m). The smaller pores 
are in the form of intercrystalline spaces, which are generally well-connected, whereas the 
larger ones are often in the form of isolated vugs that may occasionally be connected. Some 
of these vugs are large, of the order of  0.5 mm, which can be seen as open macropores in 
Figure 9D, shown by the blue dyed epoxy with which they are injected, and as anhydrite filled 
macropores in Figure 10A, where they can be recognised as the large, white, uniformly-filled 
patches on the micrograph. 
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The intensity of fracturing in all the stratigraphic units of the Butmah Formation is high, but 
most of the fractures have been completely or partially occluded, commonly by anhydrite 
cement and occasionally by calcite cement. Nonetheless, some open fractures do exist in the 
formation, especially in Unit 4 (Figure 10A). 
Unit 3 of the Wajnah Formation contains pores ranging from large mesopores (62.5 𝜇m – 1 
mm)  to small micropores (<2 𝜇m), in the form of intercrystalline pores and vugs and some 
biomoulds, as shown in Figure 10B, 10C & 10E. The fracture intensity is high in Unit 3, and 
some of the open fractures show traces of oil. Consequently, the predominant pore network 
in Unit 3 of the Wajnah Formation results from a combination of dissolution, dolomitisation 
and fracturing processes.  
The Mauddud Formation consists entirely of dolomite units. The existing dolowackestone has 
large mesopores (62.5 𝜇m – 1 mm) which exhibit as vugs and intercrystalline pores, whereas 
the coarse crystalline dolomite texture has fewer intercrystalline pores whose size extends as 
far as small micropores (<2 𝜇m). The floating-contact rhomb dolomudstone has some vugs, 
as shown in Figure 10D & 10F. Fracturing is moderate in the Mauddud Formation, and some 
of these fractures are either partially or completely closed by calcite cements. 
The resulting pore network in the Mauddud Formation indicates that in Unit 1 pores within the 
three characterised microfacies are created due to a combination of dissolution, 
dolomitisation and fracturing. 
Table 2: The pore system of the studied formations according to their pore type, pore size 
and crystal size. 
Formation Units Lithofacies 
   Crystal size       Pore type       Pore size       Pore system 
         (m)         (m)           
Butmah U.4 L.3   <16 - >1000       Vg, InX, Mf     <0.2 – 4000      D & H (d-f) 
Mauddud U.1 L.1     16 - >1000       Vg, InX, Mf     <0.2 – 1000         H (d-f) 
Wajnah U.3 L.3   <16 - 250           Vg, InX, Mf     <0.2 – 1000         H (d-f) 
Notes: Vg=vugs, InX=intercrystalline, Mf= microfractures, D=diagenetic system,                         




Figure 9. A: Intercrystalline porosity (i) and vuggy porosity (v), Butmah Fm., Bm-15, U.4 
(2450 m). B: Vuggy (v) and fractures (f) porosity, Butmah Fm., Bm-15, U.4 (2450 m). C: 
intercrystalline porosity (i), Butmah Fm., Bm-15, U.2 (2597 m). D: vuggy (v) and 
intercrystalline (i) porosity of medium dolomite crystals, Mauddud Fm. Az-16, U.1, (2452 m). 
E and F: are SEM images showing pore shape and size in 2D and 3D, respectively, for a 




Figure 10. A: Fracture porosity (f) and anhydrite cement occluding intercrystalline (oi) and 
vuggy pores (ov), Butmah Fm., Bm-15, U.4 (2450 m). B: very fine crystalline dolomite with 
some vugs (v) and intercrystalline (i) pores, Wajnah Fm., Az-16, U.3 (2349 m). C: 
Intercrystalline porosity (i) of fine crystalline dolomite, Wajnah Fm., Az-16, U.3 (2351 m). D:  
intercrystalline (i) and vuggy (v) porosity of medium dolomite crystals, Mauddud Fm., Az-16, 
U.1, (2484 m). E: intercrystalline porosity, Butmah Fm., Bm-15, U.2 (2597 m). F: SEM images 
showing pore shape and size in 2D in the Wajnah Fm., Az-16, U.3 (2350 m) and Mauddud 
Fm. Az-16, U.1 (2453 m), respectively. 
 
5.4 Permeability 
There are three main diagenetic factors which control the permeability of carbonate rock, 
namely, cementation, dissolution and fracturing (Tiab and Donaldson, 2012). One of the goals 
of the research presented in this paper is to examine to what extent each of these diagenetic 
factors controls permeability in the studied formations. 
During the measurement and analysis of laboratory obtained permeability data, it is extremely 
important to be aware of systematic errors. Specifically, it is important to recognise that 
permeability data obtained by core analysis always represent the lower limit of permeability, 
especially in fractured units. Core plugs chosen for core analysis are always taken from well-
indurated rocks rather than fractured sections in order to obtain a whole sample for the 
measurement. Unfortunately, this automatically leads to permeability measurements from 
core data being unrepresentative, generally underestimating permeabilities one would find in 
the real fractured rock.  
In this study, permeability measurements were carried out using helium gas permeametery 





Table 3. Permeability measurements of the studied formations. 
Formation Units Lithofacies 
Number of samples 
measured 




Butmah U.4 L.3 24 5.4110-5  4.5310-2 5.1410-3 
Mauddud U.1 L.1 20 8.5010-4 8.6410-2 2.0010-2 
Wajnah U.3 L.3 20 6.3110-4 1.7510-2 3.3610-3 
 
The permeabilities of all formations fall in the range one might describe as a tight carbonate. 
The lowest permeability in the Butmah Formation is 5.4110-5 mD and the highest is 4.5310-
2 mD, with a mean of 5.1410-3 mD. Figure 11 shows that the permeability in the Butmah 
Formation is distributed between 1.010-1 mD and 1.010-5 mD, with the highest occurrence 
(37.5% of the measurements) in the range 1.010-3 mD – 1.010-4 mD.  
By contrast, the permeabilities for the Mauddud Formation cover a more restricted range 
(1.010-1 mD to 1.010-4) towards the top of the range occupied by the Butmah Formation, 
with highest occurrence of permeability (50% measurements) being recorded in the range 
1.010-2 mD – 1.010-3 mD. The mean permeability in the Mauddud Formation is 2.010-2 
mD and the highest and lowest values were 8.6410-2 mD and 8.5010-4 mD, respectively. 
The permeability of the Wajnah Formation is similar to that of the Mauddud Formation, but a 
little tighter. The mean permeability in the Wajnah Formation was found to be 3.3610-3 mD, 
with the highest permeability 1.7510-2 mD and the lowest 6.3110-4 mD.   
 
Figure 13. Permeability histograms of the Butmah Formation at Well Bm-15, the Mauddud 
Formation and Wajnah Formation at Well Az-19. 
 
6.  Discussion 
6.1 Dolomitisation and poroperm relationships 
The permeability of tight carbonate rocks depends on porosity in a similar way to other porous 
rocks (Rashid et al., 2015a). Plotting the permeability against porosity, however, does not 
produce a straight line. Furthermore, any given formation gives rise to a cloud of points that 
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follow a trend rather than a single curve. In general, that curve follows a power law with 
respect to porosity. There are many models which define the exponent to that power law, of 
which one of the most recent is the RGPZ model, where a permeability prediction equation 
has been developed for clastic sandstone reservoir rocks using the electrical conductivity of 
a porous media, and based on the effect of porosity, grain size and cementation fraction on 
and pore connectivity fluid flow (Glover et al., 2006).  
In the RGPZ model the permeability is directly proportional to the porosity raised to the power 
of an exponent equal to 3 times the cementation exponent in Archie’s first law (Glover, 2010; 
2015). The existence of a cloud of points rather than a single curve is explained by other 
parameters in the RGPZ equation, which together with the cementation exponent describe 
how the permeability of any formation for a given porosity also depends upon how well the 
pore spaces connected. The most important of these other parameters are grain diameter in 
clastic rocks (Glover et al., 2006) and pore diameter in carbonates (Rashid et al., 2015b). 
The relevance of the RGPZ equation to tight carbonates has been studied previously (Rashid 
et al., 2015a; 2015b). These authors recognised that an assumption at the heart of the 
theoretical RGPZ equation was valid only for clastic rocks, and subsequently modified the 
original theoretically derived RGPZ equation to produce a version valid for high permeability 
and tight carbonates. 
Table 4 shows summary poroperm data for each formation, whereas Figure 12 shows the 
data measured in this work plotted on a poroperm diagram. Conventionally, the porosity is 
plotted on the x-axis on a linear scale, whereas the permeability is plotted on the y-axis using 
a logarithmic scale. As expected, permeability increases by orders of magnitude as porosity 





Table 4: Summary of the poroperm data of the studied formations. 
Formation Porosity (%)      Permeability (mD) Pore throat (µm) 
Butmah 0.72 – 8.27     5.4110-5 – 4.5310-2 0.007 – 12 
Mauddud 2.44 – 9.21 8.5010-4 – 8.6410-2 0.009 – 14 
Wajnah 2.80 – 9.69 6.3110-4 –1.7510-2 0.02 – 2 
 
Figure 12. Porosity - permeability relationships of the Butmah, Mauddud and Wajnah 
formations, showing the distribution of pore throat diameter, crystal size, and amount of 
cement. In the blue cement amount bar L = low, M= moderate, H= high. In the orange crystal 
size bar F= fine crystals, M= medium crystals, C= coarse crystals, and VC= very coarse 
crystals. 
 
Figure 12 also shows pore throat diameter and categorisation for crystal size, degree of 
cement and lithofacies. Increase in cementation is associated with a reduction in pore throat 
diameter as expected. However, further deterministic associations should not be read into the 
categorisations. For example, fine crystal size is not necessarily related to a high degree of 
cementation, but both are associated with smaller pore throat diameters.  
Figure 12 further shows overlaid curves for the original RGPZ model for four different 
combinations of parameters. Each of these combinations keeps the cementation exponent 
constant (m=2), and varies the crystal size from 10 µm to 300 µm. Increasing the cementation 
exponent translates the curves towards lower permeabilities, i.e., downwards, while 
increasing the crystal size increases permeabilities as shown. The tight carbonate version of 
the RGPZ model includes a third parameter. Consequently, it is not possible to fit either the 
original or the tight carbonate models to the data without a further constraint, such as knowing 
the cementation exponent and modal crystal size. However, the overlay curves show that the 
data approximately conform to reasonable values for the model parameters. 
Both the Mauddud and Wajnah formations show a relationship between permeability and 
porosity with the degree of scatter one would expect from a single formation. The scatter in 
these data is defined by differences in crystal size and the connectivity of pores from sample 
to sample. By comparison, the Butmah Formation shows a very wide distribution of data 
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points which is very unusual for a single formation, and is an indicator that this formation is 
more heterogeneous than the others.  
Very high permeability at low porosities is usually associated with fractured samples, whereas 
low permeabilities at relatively high porosities indicate a pore microstructure which has limited 
connectivity and is most often associated with cementation. It would be very difficult to fit the 
data from the Butmah Formation to an RGPZ model without invoking a wide range of crystal 
sizes and/or cementation exponents. 
 
6.2   Dolomitisation and timing 
Two main mechanisms of dolomitisation were characterised in this paper that are focused on 
the initial dolomitisation model, whether it is alone or associated with cementation (most likely 
anhydrite cement), to then show the subsequent diagenesis effects that are represented by 
recrystallisation, dissolution, cementation, and fracturing. 
We have compared the quantitative and qualitative data arising from each of the formations 
with the requirements of the three dolomitisation types described earlier. Reflux dolomitisation 
is considered to be applicable to the Butmah Formation, whereas the mixing zone 
dolomitisation model is applicable to the Mauddud and Wajnah formations, and burial 
dolomitisation has been found to be consistent with all three formations.  
Early dolomitisation represented by the reflux dolomitisation model combined with late 
dolomitisation and associated anhydrite precipitation leads to heterogeneous reservoir 
properties and a variable reservoir quality that is complex to predict. Lucia (1999) noted that 
anhydrite nodules and poikilotopic anhydrite textures produced only minor effects on the 
poroperm relationship in the South Cowden carbonate rocks of West Texas. Moreover, 
anhydrite fabrics have sometimes been found to improve reservoir quality (Lucia, 2004). 
According to Figure 12, the lowest permeability and porosity samples, found only in the 
Butmah Formation, represent the effects of early dolomitisation resulting from reflux 
dolomitisation (dolomitisation with anhydrite cement), and give the worst reservoir properties. 
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Whereas, the very fine and fine dolomite crystal samples of the Wajnah Formation show 
better porosity and permeability as a result of the early dolomitisation mixing zone model.  
The Wajnah Formation samples also exhibit late dolomitisation or a combination of early and 
late dolomitisation represented by mixing zone dolomitisation and burial dolomitisation, 
although the Mauddud Formation has been subjected to late dolomitisation alone (mixing 
zone and burial dolomitisation).  
The best reservoir properties are due to the effect of both early and late dolomitisation and 
represented by some samples from the Butmah Formation which have undergone early reflux 
dolomitisation followed by later shallow burial dolomitisation, and consequently have both 
higher porosities and permeabilities as the result of greater connectivity of larger pore throats 
due to late dissolution of the associated anhydrite cement. These reservoir qualities were also 
found in the Mauddud and Wajnah formations where early or late mixing zone dolomitisation 
followed by later shallow burial dolomitisation with no cementation are the causes. 
By contrast, the worst reservoir quality in the Mauddud Formation samples is due to late 
dolomitisation and represented by the deep burial dolomitisation that shows saddle dolomite 
textures associated with stylolites. 
 
6.3   A new dolomite pore network architecture model (PNAM) 
Clearly, the interplay between different diagenetic processes occurring at different times 
controls the pore network architecture in a complex way. For example, in the Wajnah 
Formation, the dolomite crystals simply increase from fine crystalline dolomite to medium 
crystalline dolomite, which improves the reservoir quality. However, increase in the dolomite 
crystals’ size in the Butmah Formation from fine crystalline dolomite to coarse crystalline 
dolomite affects the reservoir quality in two opposing ways: (i) positively, by increasing 
permeability in those parts of the rock matrix which have no associated anhydrite cement, 
and (ii) negatively, where the anhydrite cement occludes the intercrystalline pores in the 
samples, as shown in Figure 13. Such co-dependencies of reservoir quality upon multiple 
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diagenetic processes are common in dolomitised carbonate reservoirs. We have developed 
a pore network architecture model (PNAM) to help understand these co-dependencies. 
 
Figure 13. Recrystallisation versus dissolution and cementation effects on the reservoir 
properties and heterogeneity of the studied formation samples. 
 
Figure 13 shows the new pore network architecture model for dolomite reservoirs according 
to the main effective diagenetic processes. In this figure, crystal size increases upwards and 
cementation increases towards the right. Consequently, the process of cementation alone 
moves a rock texture horizontally right in the diagram, whereas cementation with 
recrystallisation results in a move to the right and upwards. Recrystallisation alone, whether 
due to early or late dolomitisation, moves the rock texture upwards vertically to a texture with 
a larger crystal size, whereas recrystallisation with dissolution moves the rock texture 
upwards and to the left in the diagram. The operation of dissolution on its own moves the rock 
texture horizontally to the left in the diagram.  
High reservoir quality is represented by the textures on the left-hand side of the figure, 
particularly towards the top, whereas low reservoir quality rock occurs on the right of the 
diagram, particularly towards the bottom. Hence reservoir quality increases diagonally 
towards the top left.  
Cementation generally reduces the reservoir properties (pore throat, porosity, and 
permeability) and can do so even if recrystallisation is increasing the crystal size because it 
will fill the larger pores sizes between the enlarged crystals. Similarly, dissolution increases 
reservoir quality by increasing pore throat diameters, porosity and permeability, and will do 
so more effectively if occurring in tandem with recrystallisation. Heterogeneous rock textures 
occur in the centre of the figure, implying that homogeneity is not necessarily associated with 
good reservoir quality in carbonate rocks. We will discuss this observation in more detail in 
the following subsection.  
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Applying the new model to the Mauddud Formation shows that the reservoir quality is 
improved by increasing the dolomite crystal size from fine crystalline dolomite to coarse 
crystalline dolomite, then degraded again by further increases in the size of the dolomite 
crystals from coarse crystalline dolomite to very coarse crystalline dolomite because the 
previous improvements in reservoir quality allowed the ingress of mineral-rich fluids which 
have led to partial cementation of  the newly available larger pore space. 
The cementation effect is clear in the Butmah Formation, affecting the reservoir quality of the 
measured dolomite samples strongly, whereas it is less pronounced in the Wajnah Formation 
and low in the Mauddud Formation.  
6.4   Diagenesis, heterogeneity and cementation in the PNAM 
In general, a carbonate reservoir formation will have complex spatially-distributed 
petrophysical parameters including porosity and permeability (Glover et al., 2018), which vary 
over a wide range of scales (Lucia,1995; Lønøy, 2006; Ehrenberg et al., 2008; Hollis et al., 
2010). This already complex picture is complicated further by the interaction between different 
diagenetic processes and the timing in which they occur. 
In this study, both early and late dolomitisation have been identified within each of the three 
dolomitisation models. Early dolomitisation was found to occur in sabkha and hypersaline 
environments with widespread pore-filling by anhydrite cement in Unit 4 of the Butmah 
Formation. The dolomitised samples containing anhydrite show a wide range of heterogeneity 
in the pore network dependent upon the degree of anhydritisation. In these rocks, early 
dolomitisation produces a rock which occurs in the centre-left of the PNAM and exhibiting low 
heterogeneity. Subsequent anhydritisation moves the rock towards the right in the PNAM, 
resulting in higher heterogeneity and lower reservoir quality.  
By contrast, rocks exhibiting early dolomitisation without associated anhydrite (such as in the 
Wajnah Formation) show low heterogeneity in the pore network on the left-hand side of the 
PNAM, with reservoir quality dependent upon the crystal size. Rocks composed of fine 
crystals (bottom left in the PNAM) are homogeneous and of relatively low reservoir quality 
30 
 
because they are tight. However, the reservoir quality increases upon later dolomitisation, 
resulting in recrystallisation that provides larger crystal sizes. The process results in the rock 
moving vertically in the PNAM, from the bottom left upwards. This process retains the 
homogeneity of the rock providing that the dolomitisation is widespread. However, if 
dolomitisation is patchy, the heterogeneity of the rock will increase and the resulting rock will 
not have as high a reservoir quality as it otherwise would have had.  
The Mauddud Formation also shows low heterogeneity in the pore network, with an increase 
in reservoir quality as crystal size increases concomitant upon late dolomitisation, depicted 
by the same upward trend in the PNAM.  
 
6.5   Diagenesis and reservoir types 
Diagenesis can be caused by many processes including dolomitisation. Dolomitisation has 
been classified into two types according to their timing. Early dolomitisation may have 
resulted from a number of different scenarios, leading to the different dolomitisation types 
shown in Figure 3. Each of these dolomitisation types not only has a different provenance, 
but results in a different distribution of dolomitisation and differences in the petrophysical rock 
properties. Dolomitisation may have occurred alone or be associated with cementation. 
Indeed, later on, the rock may be subject to different diagenetic processes such as further 
dolomitisation, recrystallisation, dissolution, cementation, compaction and fracturing. In other 
words, many different diagenetic processes occurring at different times may conspire to 
produce the final pore network. The picture is further complicated by the interplay between 
different diagenetic processes which can amplify or limit each other.  
We have combined all of the previous information reported above to define six reservoir types 
(Ri) for dolomitised formations which are process-driven, as shown in Figure 14. Each of 
these Process Driven Reservoir Types (PDRTs) may have also undergone dolomite 
cementation at the end of the late dolomitisation phase to give an additional six reservoir 
types (Rci), where i is the reservoir type number. Despite this being yet another dolomitisation 
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classification, we hope that the process-driven nature of the classification will be the first step 
to a full quantification of the effects of dolomitisation and any associated cementation. The 
result of each of the processes in Figure 14 can be found by referring to the pathway the 
texture of the rock and the pore network follow in the PNAM (Figure 13). 
 
Figure 14. Flow chart showing the process-driven outcome reservoir types (PDRTs) for 
dolomitised rock. 
 
As mentioned earlier, all dolomite rocks can be separated into those where early 
dolomitisation occurs alone (PDRTs R1 to R3 in Figure 14) and those where early 
dolomitisation is associated with cementation (PDRTs R4 to R6).  
It is worth noting that the PDRTs are also an indicator of reservoir quality, with reservoir quality 
decreasing as the PDRT number increases and with the addition of the ‘c’ qualifier. 
Consequently, the best reservoir quality is R1 and the worst is Rc6. When the rock is affected 
by early dolomitisation alone, three types of reservoir rocks can be identified according to the 
effect of the subsequent diagenesis.  
In the first, recrystallisation and dissolution improve the petrophysical properties, increasing 
porosity, widening pore throat sizes, improving pore connectivity, and significantly 
augmenting permeability (R1, Rc1, R4, and Rc4 in Figure 14).  
In the second, recrystallisation occurs without dissolution, leading to improvements in the 
rock’s petrophysical properties as in the first case but not to the same extent (R2, Rc2, R5, 
and Rc5 in Figure 14). The same result can be achieved by invoking recrystallisation together 
with coeval dissolution and cementation, each occurring to an extent sufficient to balance the 
effect of the other. A slight imbalance would clearly lead to a slight increase or decrease in 
reservoir quality depending, respectively, upon whether the dissolution or the cementation 
effect dominated.  
The third type of dolomitised rock occurs through the linked processes of recrystallisation and 
cementation degrading the petrophysical properties of the rock. These processes decrease 
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porosity, narrow pore throat sizes and can lead to completely blocked pore throats. 
Subsequently, there are significant reductions in pore connectivity, and hence significantly 
reduced permeability (R3, Rc3, R6, and Rc6 in Figure 14). By contrast, recrystallisation and 
cementation reduce the reservoir properties of the origin rock (R3, Rc3) and (R6, Rc6). 
Figure 16 shows that the main two mechanisms of dolomitisation are (i) dolomitisation and 
cementation and (ii) dolomitisation alone. The reservoir quality generally improves upward, 
where the last upper category of the dolomitisation and cementation mechanism suffers from 
dissolution but after dolomitisation generates with cement association as clarified in the 
Figure. When we turn from the lower category of the upper part in the dolomitisation alone 
mechanism, the first category suffers from cementation that may keep the reservoir quality 
the same as for the last category of the last mechanism. Then, turning to the upper part, the 
dolomite rock suffers from dissolution and cementation or neither of these and this generally 
creates better reservoir quality. Whereas, the best reservoir quality is found in the third 
category of the dolomitisation alone mechanism that shows the dolomitised rock suffering 
from dissolution after the dolomitisation.  
The Butmah Formation is represented by PDRTs R4, R5, and R6, whereas the Wajnah 
Formation is represented by R2 and R3, and the Mauddud Formation exhibits varied PDRTs 
encompassing R2, Rc2, R3, and Rc3. Consequently, the reservoir quality of each unit in each 
field is not only clear but can be compared semi-quantitatively, analysed in well logs and even 
used as operational facies in geological modelling for reservoir simulation. 
 
 
7.  Conclusions 
Cementation and dissolution are the main controls on the reservoir properties for many 
dolomite formations. These two major diagenetic processes work collectively with dolomite 
recrystallisation and fracturing to define the final pore network and control reservoir quality.  
We have carried out an extensive campaign of experimental measurements in order to 
characterise the link between ultimate rock microstructure and the diagenetic processes 
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which have caused it. The measurements were used to define 12 Process Driven Reservoir 
Types (PDRTs), each of which has been subjected to a different dolomitisation model, timing 
and their effect on the subsequent diagenetic processes and fracturing. We hope in future to 
validate the model further with greater amounts of data and continue to base the PDRTs on 
a quantitative footing. 
Early dolomitisation plays a positive role in improving the reservoir properties, where it is not 
associated with anhydrite cement or dissolved later with burial, such as in the fine dolomite 
samples of the Wajnah Formation. The association of early dolomitisation with anhydrite 
cement leads to a more dispersed porosity-permeability relationship, as noted in the Butmah 
Formation, and reduces the permeability at any given porosity, as described in the Wajnah 
Formation. And hence, the early dolomitisation repesented by the reflux dolomitisation model 
creates variable reservoir properties (including porosity, permeability, and pore throat), 
normally either promoting reservoir compartmentalisation or leading to non-reservoir units 
and in a unique situation leading to conventional reservoirs, whereas the dolomite 
recrystallisation is the main factor controlling the reservoir properties in the mixing zone and 
burial dolomitisation models that have non-association with anhydrite cement.  
 A new dolomite pore network architecture model (PNAM) was developed in this study to 
illustrate the effects of cementation, dissolution, and recrystallisation with the dolomitisation 
on the reservoir pore network architecture. The model shows low pore network heterogeneity 
in the low and high cemented rocks, whereas the highest pore network heterogeneity was 
characterised in moderate cemented rocks. The model shows also that reservoir quality was 
affected by cementation more than recrystallisation.  
Consequently, we define twelve reservoir types for dolomitised formations according to the 
dolomitisation types and the effects of different diagenetic processes such as further 
dolomitisation, recrystallisation, dissolution, cementation, compaction, fracturing, and 
dolomite cementation. Applying these Process Driven Reservoir Types (PDRTs) on the 
studied formations shows that the Butmah Formation is represented by R4, R5, and R6. The 
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Wajnah Formation exhibits R2 and R3, whereas the Muddud Formation is represented by R2, 
Rc2, R3, and Rc3.   
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Figure 2. Stratigraphic correlation section of the studied formations in north-western Iraq and 






































    
Figure 3. Stratigraphic units of the Butmah Formation in well Bm-15 (left), the Mauddud (top 



























































Figure 5. Experimental petrogtaphic evidence of diagenetic processes. A: Fenestral pores 
(F) occluded by anhydrite cement as early cementation in the Butmah Fm., Bm-15, (2488 
m). B: Sparse anhydrite crystals (s) within fine crystalline dolomite in the Butmah Fm., Bm-
15 (2422 m). C: Compressed chicken-wire texture (c) caused by compaction, Butmah Fm, 
Bm-15, (2379 m). D: Cloudy dolomite centres (c) surrounded by a clear limpid rim, Mauddud 
Fm., Az-16, (2446 m). E: Zoned coarse dolomite crystals (z) as late dolomitisation features 
in the Mauddud Fm., Az-16, (2472 m). F: Saddle dolomite (s) as a late dolomitisation feature 


















Figure 6. Histograms of the effective porosity of the Butmah Formation at well Bm-15, the 




































Figure 7. Pore throat distributions for six samples subjected to MICP measurements. Top 
row; two samples from the Butmah Formation, middle row; two from the Mauddud Formation, 

































Figure 9. Histograms of pore size distribution within the Butmah, Mauddud, and Wajnah 
formations using pore size bins defined by the Luo and Machel, (1995) classification. 
 
 
Pore name Pore size (μm) 
Small micropore < 0.2  
Large micropore 0.2 - 1  
Small mesopore 1 - 62.5  
Large mesopore 62.5 - 1000  














Figure 10. Histograms of crystal size distribution within the Butmah, Mauddud, and Wajnah 













Crystal name Crystal size (μm) 
Very fine < 16  
Fine 16 - 62  
Medium 62 – 250  
Coarse 250 – 1000  




























Figure 11. A: Intercrystalline porosity (i) and vuggy porosity (v), Butmah Fm., Bm-15, U.4 
(2450 m). B: Vuggy (v) and fractures (f) porosity, Butmah Fm., Bm-15, U.4 (2450 m). C: 
intercrystalline porosity (i), Butmah Fm., Bm-15, U.2 (2597 m). D: vuggy (v) and 
intercrystalline (i) porosity of medium dolomite crystals, Mauddud Fm. Az-16, U.1, (2452 m). 
E and F: are SEM images showing pore shape and size in 2D and 3D, respectively, for a 































Figure 12. A: Fracture porosity (f) and anhydrite cement occluding intercrystalline (oi) and 
vuggy pores (ov), Butmah Fm., Bm-15, U.4 (2450 m). B: very fine crystalline dolomite with 
some vugs (v) and intercystalline (i) pores, Wajnah Fm., Az-16, U.3 (2349 m). C: 
Intercrystalline porosity (i) of fine crystalline dolomite, Wajnah Fm., Az-16, U.3 (2351 m). D:  
intercrystalline (i) and vuggy (v) porosity of medium dolomite crystals, Mauddud Fm., Az-16, 
U.1, (2484 m). E: intercrystalline porosity, Butmah Fm., Bm-15, U.2 (2597 m). F: SEM images 
showing pore shape and size in 2D in the Wajnah Fm., Az-16, U.3 (2350 m) and Mauddud 





















Figure 13. Permeability histograms and pie charts of the Butmah Formation at well Bm-15, 



























Figure 14. Porosity - permeability relationships of the Butmah, Mauddud and Wajnah 
formations, showing the identified rock types according to the relationship and the distribution 
pore throat diameter, crystal size, and amount of cement. In the blue cement amount bar L 
= low, M= moderate, H= high. In the orange crystal size bar; F= fine crystals, M= medium 









































Figure 15. Recrystallisation versus dissolution and cementation effects on the reservoir 






















Figure 16. Flow chart shows the process-driven outcome reservoir types (PDRTs) for 
dolomitized rock. 
 
